A fast two-dimensional (2D) hybrid fluid-analytical transform coupled plasma reactor model was developed using the finite elements simulation tool COMSOL. Both inductive and capacitive coupling of the source coils to the plasma are included in the model, as well as a capacitive bias option for the wafer electrode. A bulk fluid plasma model, which solves the time-dependent plasma fluid equations for the ion continuity and electron energy balance, is coupled with an analytical sheath model. The vacuum sheath of variable thickness is modeled with a fixed-width sheath of variable dielectric constant. The sheath heating is treated as an incoming heat flux at the plasma-sheath boundary, and a dissipative term is added to the sheath dielectric constant. A gas flow model solves for the steady-state pressure, temperature and velocity of the neutrals. The simulation results, over a range of input powers, are in good agreement with a chlorine reactor experimental study.
Introduction
A fast hybrid-analytical two-dimensional (2D) transformer coupled plasma (TCP) reactor model was developed using the finite elements simulation tool COMSOL. In addition to the availability of built-in partial differential equation (PDE) modules and diagnostics tools, the advantages of using a commercial PDE solver like COMSOL are improved standardization, transparency and portability. The simulation consists of four basic parts: (1) an electromagnetic (EM) model which includes both the inductive and capacitive coupling of the external coils to the plasma through a dielectric window; (2) a plasma fluid model which solves the 2D time-dependent equations for ion continuity and electron energy balance; (3) an analytical sheath model which approximates a vacuum sheath of variable sheath thickness as a fixed-width sheath of varying dielectric constant; (4) a gas flow model which solves for the steady-state composition, pressure, temperature and velocity of a reactive gas. The total simulation time for a typical TCP reactor is about 70 min for a chlorine discharge and about 30 min for an argon discharge on a moderate workstation with a 2.2 GHz CPU and 4 GB of memory.
Our model extends a previous 2D plasma fluid model [1] by including the capacitive coupling of the source coils to the plasma and by adding a sheath model. Our sheath model extends a previous analytical sheath model [2] by including a dissipative term in the sheath dielectric constant, and by treating the sheath heating more accurately as an energy flux entering the plasma-sheath boundary rather than a volumetric heating term. We also further extend our EM model by allowing a capacitive bias to be applied to the wafer electrode. By solving for both the capacitive and inductive fields, we can calculate the ratio of inductive to capacitive power as we vary model parameters. By taking the capacitive fields and the sheath into account, we can calculate the sheath voltage and thus the power going into the ions.
The paper is divided into the following sections. In section 2, we discuss the model geometry and our new EM model. In section 3, we summarize the bulk plasma and gas fluid models which are adapted from [1] , and describe how our models are modified from [1] due to the inclusion of a sheath region and capacitive fields. In section 4, we discuss our new analytical sheath model which is based on the 'fixed width but varying dielectric constant' concept proposed in [2] . However, our sheath model implementation is new and differs significantly from [2] , as will be described below. In section 5, we describe the TCP simulation procedure and the TCP power balance. Then, we present the results of chlorine TCP reactor simulations at various input powers and compare them with the experimental data of Malyshev and Donnelly [3] [4] [5] . Finally, in section 6, we present our conclusions. 
Electromagnetic (EM) model
As shown in figure 1, the TCP model has an axisymmetric cylindrical geometry with center of symmetry at r = 0 (z-axis). The gas inlet is modeled by a 2.54 cm diameter hole at the radial center while the gas outlet is modeled by a 2.54 cm thick annular region near the radial edge at the bottom of the reactor. The outer walls are perfect conductors. The 10 cm radius wafer electrode is insulated from the outer walls by a 1.905 cm wide quartz dielectric spacer. A 4 turn stove-top coil set with coils labeled 1, 2, 3 and 4 is placed 0.3175 cm above a 1.905 cm thick quartz dielectric window. The coils have a 1 cm by 1 cm cross section and are centered at r = 4, 6, 8 and 10 cm. One end of the innermost coil (coil 1) is assumed to be connected to an rf generator while one end of the outermost coil (coil 4) is assumed to be connected to ground. The air chamber above the dielectric window has radius = 18.5 cm and height = 19 cm while the plasma chamber below the dielectric window has the same radius and height = 20 cm. The air and plasma chamber dimensions were chosen to be similar to those described by Malyshev and Donnelly [3] in order to facilitate comparisons with their experiments. In the plasma chamber, the bulk plasma region is surrounded by a nominal 0.635 cm thick sheath region. A free-space magnetic permeability µ = µ 0 is assumed while = κ 0 depends on the relative dielectric constant κ of the material. For the air region above the dielectric window, κ = 1. The sheath relative dielectric constant κ s is initially set to unity but is actually a function of the local electric field and plasma parameters. This will be discussed in more detail in the sheath model section (section 4). For both the quartz dielectric spacer and quartz dielectric window, κ = 4. In the plasma region, the relative dielectric constant is
where ω is the applied rf frequency, ν m is the electronneutral momentum transfer collision frequency and ω p = (n e e 2 /( 0 m e )) 1/2 is the electron plasma frequency with n e and m e the electron density and mass, respectively.
In axisymmetric geometry the fields produced by the coils separate into two modes, the inductive transverse electric (TE) fields (E φ , H r , H z ), and the capacitive transverse magnetic (TM) fields (E r , E z , H φ ), which we discuss separately below. The EM model assumes that all the field components are proportional to e jωt , which eliminates the time-dependence from the EM equations so that time-independent Helmholtz equations can be used to solve for the TE and TM fields. This simplifies and speeds up the EM simulations at the cost of ignoring harmonics.
Inductive coupling of coils (TE fields)
Since the TCP coil currents flow in the azimuthal φ direction, the induced electric field must also be in the φ direction. Thus, the inductive fields are in the TE mode where the electric field is transverse to the axis of symmetry (z-axis), but the magnetic field has components in the r and z directions, both transverse and parallel to the axis of symmetry. From Faraday and Ampere's laws, the field component amplitudes E φ , H r and H z satisfy
Substituting (2) and (3) into (4) and introducing the dependent variable
the inductive loop voltage at radius r, we obtain a Helmholtz equation for V :
where
and k
, with c 0 the speed of light in vacuum. The form of (6) as well as the coefficients c and a are that of the COMSOL (v. 3.5) Helmholtz equation PDE Module in 2D rectangular geometry. We chose a 2D rectangular geometry to implement the 2D cylindrical EM equations because the COMSOL (v. 3.5) General PDE Module we needed for the plasma and gas fluid equations is only available in Cartesian coordinates. The COMSOL (v. 3.5) General PDE Module will be described in more detail in the next section (section 3).
To determine the inductive fields we solve (6) in the entire domain, excluding the areas of the four coils, using the following boundary conditions on V : V = 0 on all conducting walls, spacer bottom surface and center of symmetry (8) V = V n on the perimeter of the nth coil for each of the four coils.
Since V ∝ r by definition, V must be zero at the center of symmetry. We show below how the boundary values V n on the four coils are determined for a given input current I in to the coil set. Once we solve for V (r, z), we can determine E φ (r, z) from (5) and H r (r, z) and H z (r, z) from (2) and (3), respectively.
The inductance matrix L
We can define a 4 × 4 inductance matrix L which relates the inductive (toroidal) voltages of each coil, 
The inverse relation is
To determine the elements of L, we run four orthonormal TE simulations with V n = 1 for one coil while V n = 0 for the other coils. Then, we use Ampere's law to calculate the resulting toroidal coil currents I mn , where I mn is the current induced in the mth coil from setting V n = 1 on the nth coil:
where C m is the perimeter of the mth coil. Note from (11) that the I mn are related to the matrix elements of L −1 by
Finally, inverting L −1 yields the inductance matrix L. Thus, setting the inductive loop voltages of the coils is equivalent to setting the inductive loop currents flowing through the coils.
Capacitive coupling of coils (TM fields)
The conducting coils are also capacitively coupled to the plasma. Note that the capacitive electric field lines between the source coils and the plasma are in the r-z plane. Thus, the capacitive fields are in the TM mode where the magnetic field is transverse to the axis of symmetry while the electric field has components both parallel and transverse to the axis of symmetry.
The field component amplitudes H φ , E r and E z satisfy Ampere and Faraday's laws:
1 r
where a specified external current density J =rJ r +ẑJ z is supplied to the coils. Substituting (14) and (15) into (16), and introducing the dependent variable
the poloidal rf current normal to the cross-sectional area of a loop of radius r, we obtain a Helmholtz equation for I in 2D rectangular geometry with an external source term f :
Here,
To determine the capacitive fields we solve (18) in the entire domain, excluding the areas of the four coils, using the following boundary conditions on I : Note from (14) and (15) that the first condition (20) is equivalent to setting the tangential electric field at the outer walls to zero. We assume that each coil is supplied from above by axial feed currents. Only the regions directly above the coils have a non-zero external current density J z (r) and a non-zero external source term f = (2π/κ)∂J z /∂r. In our case, we choose a sinusoidal current feed so that
and f = 2πi n κr n w 2 sin
Here, r n is the r-coordinate of the center of the nth coil and w is the width of the coil (coil extends from r n −w/2 to r n +w/2). Note that J zn (r) was chosen so that the capacitive (poloidal) current through the nth coil equals −i n :
We show below how to determine the axial feed currents i n of the four coils for a given input current I in from the rf generator. Once we solve for the poloidal current I (r, z), we can determine H φ from (17) and E r and E z from (14) and (15), respectively. Coil circuit driven by a specified input current I in from the rf generator.
The capacitance matrix C
Analogous to the inductance matrix L in the TE simulations, we can define a 4 × 4 capacitance matrix C which relates the four capacitive (poloidal) coil currents
To determine the elements of C, we run four orthonormal TM simulations with i n = 1 for one coil while i n = 0 for the other three coils. Then, we calculate the resulting capacitive coil voltages v mn , where v mn is the capacitive voltage induced in the mth coil from setting i n = 1 on the nth coil:
Here, P m is any path from coil m to ground. In our case, we chose each P m to start from the bottom surface of coil m and go to the right in a horizontal straight line to a point on the grounded outer wall. In general, E is not the gradient of a scalar potential (E = −∇ ) so that voltages depend on the path. However, for relatively low frequencies (e.g. 13.56 to 60 MHz), the voltages are approximately path independent. From (26), the v mn are related to the matrix elements of C −1 by
Finally, inverting C −1 yields C. Thus, setting the capacitive feed currents of the coils is equivalent to setting the capacitive voltages of the coils.
Coupling of TE and TM coil fields
The coil circuit is shown in figure 2 for a specified input current I in from the rf generator. Note that the inductive loop voltages
From Kirchoff's voltage law applied to the circuit in figure 2 , we obtain the relation
From Kirchoff's current law, we find similarly
The inductance matrix L and capacitance matrix C obtained in the previous sections can be used with (29) and (31) to determine all the voltages and currents in figure 2 in terms of the input current I in to the coil set. Substituting (25) into (31) yields
Next substituting (29) into (32), we obtain
Finally, substituting (10) into (33), we obtain
Inverting (34) yields
Then, V l = jωLI l , v c = M − V l , and i c is obtained from (31). Thus, for a specified value of the input current I in , we can determine the inductive voltages V l on the coil perimeters and the capacitive feed currents i c for each coil. Recall that V l gives the boundary conditions needed for the TE field solution while i c gives the external excitation terms needed for the TM field solution. Thus, solving the circuit determines the inductive and capacitive fields of the TCP reactor for any given input current I in to the coil set.
Capacitive bias option for the wafer electrode
As with the fields due to the capacitive coupling of the TCP coils to the plasma, the fields due to an rf capacitive bias current I B applied to the wafer electrode also have TM symmetry. We solve (18) with the boundary conditions: n · ∇I = 0 on all conducting walls (37) I = I B = const on spacer bottom surface (38) I = 0 on center of symmetry.
The TCP coils are floating in this simulation so that the axial feed current for each coil is set to zero.
Recall from (17) that I (r) gives the total current flowing normal to the cross-sectional area of a loop of radius r. Hence, the I (r) = I B = const condition on the bottom surface of the dielectric spacer means that there is no current within the spacer that is perpendicular to its bottom surface, (i.e. no z-direction current within the spacer). All the z-direction current from the current source is contained within the wafer electrode. When a current source is applied at the wafer electrode, the dielectric spacer prevents conduction current from traveling in the r direction, so all the applied conduction current goes in the z-direction and is contained within the wafer electrode. The dielectric spacer acts as a blocking capacitor with a potential difference and displacement current in the r-direction, but not the z-direction. The potential difference across the dielectric spacer gives the value of the applied rf bias voltage at the wafer electrode:
where P ds refers to the path along the bottom surface of the dielectric spacer. Then, the rf power supplied by the capacitive bias is given by
where V * rf is the complex conjugate of V rf .
Power deposition in bulk plasma
Once we determine the inductive TE and capacitive TM fields of the TCP reactor, we can calculate the power deposition to the bulk plasma, i.e. the bulk Ohmic heating. The time-averaged power density profile in the bulk plasma is given by
where J T = (σ p + jω 0 )E is the total plasma current density and σ p = 0 ω 2 p /(ν m + jω) is the plasma conductivity. Note that the power deposition in the bulk plasma has both capacitive and inductive components. The power deposition in the sheath will be discussed below in the sheath section (section 4).
Bulk plasma and gas flow models
The bulk plasma and gas flow models used in our simulations are adapted from those of Hsu et al [1] . The major differences between our model and that of Hsu et al are the inclusion of (i) a sheath and sheath heating model, and (ii) the capacitive coupling of the source coils to the plasma.
Bulk plasma fluid model
The plasma fluid model consists of solving the time-dependent conservation equations for each ion species simultaneously with the electron power balance equation. The assumptions of the model are:
(1) Constant and uniform ion temperature T i = 0.052 V for each ion species.
(2) Maxwellian electron energy distribution. (3) Quasi-neutral and ambipolar plasma: n e = i n +i − i n −i and Γ e = i Γ +i − i Γ −i . Here the variables n and Γ refer to the particle densities and fluxes while the subscripts e, +i and −i refer to the electron, positive and negative ion species, respectively. (4) Ambipolar electric field neglecting electron inertia: E a = −T e ∇n e /n e , where T e is the electron temperature in units of volts. (5) Collisionally dominated ion transport: ion flux for each ion species ±i is given by
where M ±i and ν ±i are the ion mass and ion-neutral collision frequency, respectively. Note that the 'drift' term proportional to ∇n e has opposite signs for positive and negative ions. (6) The electron heat flux Q e is given by
The first term is the energy transported by electron net motion while the second term is the electron thermal conduction.
The ion continuity equation for each ion species ±i is given by
where R ±i is the net rate of creation of the ion species ±i. The Hsu et al model has no sheath and uses the chamber walls as the outer boundary for the plasma fluid equations. Our model includes a sheath and uses the plasma-sheath boundary as the outer boundary for the plasma fluid equations. The boundary conditions for positive ions are zero flux at the radial centerline (r = 0) and Bohm flux n i (eT e /M i ) 1/2 at the plasma-sheath boundary. The boundary conditions for negative ions are zero flux at the radial centerline and zero density at the plasmasheath boundary.
The electron power balance equation is given by
where the first term on the right-hand side (RHS) is the Joule heating from the ambipolar field, the second term p dep , given by (42), is the Joule heating from the inductive and capacitive fields, and the last term p coll is the power lost to electronneutral collisions. In a typical fluid model without a sheath, the boundary conditions are zero energy flux at the radial centerline and an outward (from plasma) Maxwellian flux
at the chamber walls. Heren is the unit normal vector to the boundary surface and points away from the bulk plasma.
We modified boundary condition (46) to take the sheath into account. In our model, the boundary conditions are zero energy flux at the radial centerline, and an energy flux Q e ·n = (2eT e + eV shMin )Γ e ·n − S stoc − S ohmSh (47)
at the plasma-sheath boundary. Here V shMin , S stoc and S ohmSh are the minimum dc sheath voltage, the stochastic heating flux and the sheath Ohmic heating flux, respectively. Assuming that electrons enter the sheath when the dc sheath voltage is at a minimum, an electron requires an additional energy eV shMin at the plasma-sheath boundary to overcome the sheath potential barrier and arrive at the walls with energy 2eT e . Also, in addition to an outgoing (from plasma) Maxwellian electron energy flux due to electron wall losses, there is also an incoming (to plasma) electron energy flux due to the stochastic and sheath Ohmic heating. We will discuss how to calculate V shMin , S stoc and S ohmSh below in the sheath model section (section 4). For both the ion conservation equations and the electron power balance equation we use the COMSOL (v. 3.5) General PDE Module which has the form
In this equation, X is the conserved quantity (e.g. n ±i or T e ), and the coefficient d a can be a constant or a variable. The vector Γ is the flux term (e.g. Γ ±i , Q e ), and F is the source term on the RHS. The General PDE Module in COMSOL (v. 3.5) provides the required generality for our set of equations, but it is available only in Cartesian coordinates. Thus, all the divergences must be written as
The 'extra' third term r /r has to be added to the RHS of (48) in the source term F .
Gas flow model
The gas flow model is mostly adapted from Hsu et al's model [1] and will only be briefly summarized below. The model consists of five basic parts:
(1) A neutral mass continuity equation which solves for the gas pressure p. The total flow (in sccm) is set at the inlet surface while the pressure is set to a reference value (p = p ref ) at the outlet surface. The equations are all solved for the steady state (i.e. all ∂/∂t terms set to zero), and the COMSOL General PDE Module described above is used for each equation. We used Hsu et al's gas flow model with only a few modifications. First, we used a newer and more up to date chlorine reaction set and rate coefficients compiled by Thorsteinsson and Gudmundsson [6] . These rate data are substantially improved over those used in prior models for Cl 2 plasmas. Second, we changed the Cl recombination coefficient at the walls from γ rec = 0.6 to a much lower value of γ rec = 0.02. Third, we used COMSOL's extrusion coupling variable tool to map the ion fluxes at the plasmasheath boundary to the chamber walls.
When comparing theoretical models with experimental data, both Malyshev and Donnelly [4] and Corr et al [8] found that the Cl recombination rate at stainless steel reactor walls was much lower than the value of 0.6 reported by Kota et al [9] . The explanation is that the stainless steel walls are passivated by a large flux of chlorine neutrals and ions to the walls, thus reducing Cl atom recombination. Corr et al found the best agreement between model and experiment was obtained for γ rec = 0.02. A more accurate method requiring no adjustable parameters is to use a γ rec which is a function of the Cl to Cl 2 ratio, as was done by Thorsteinsson and Gudmundsson [6] . Since our simulations were mostly done in a regime where γ rec is a slowly varying function of the Cl to Cl 2 ratio with a value between 0.01 to 0.05, we decided to just use a constant value of 0.02.
In our model, the gas fluid equations are solved in both the bulk plasma and the sheath, but the plasma fluid equations are solved only in the bulk plasma. Hence, the ion fluxes are known at the plasma-sheath boundary but not at the chamber walls. Thus, to take the ion surface reactions into account, we map the values of the ion fluxes at the plasma-sheath boundary to the chamber walls.
Analytical sheath model
Due to the quasi-neutrality assumption, Poisson's equation is not solved, and the sheaths are not resolved in the bulk plasma fluid model. The local time-averaged sheath thickness s actually depends on the local E field as well as local plasma parameters such as n e and T e . However, since the plasmasheath boundary is also the boundary used in the bulk plasma fluid equations, it is computationally inconvenient to adjust the position of the plasma-sheath boundary whenever the local fields and plasma parameters change. Instead, as proposed by Lee et al [2] , we assume a sheath with constant thickness s 0 and varying relative dielectric constant κ s to mimic an actual vacuum sheath of varying thickness.
The major differences between our sheath model and Lee et al's model is that (i) we treat the stochastic and sheath Ohmic heating as incoming heat fluxes at the plasma-sheath boundary rather than a volumetric heating term in order to capture the local nature of the sheath heating, and (ii) we add a dissipative (imaginary) term to the sheath dielectric constant in order to account for the electron and ion sheath heating. Without this dissipative term, we do not get a balance between the power absorbed by the plasma and the power supplied by the coil circuit.
Fixed-width sheath model
For typical inductively coupled plasmas, the plasma density is high and the sheath is thin and collisionless. In this case, the time-averaged sheath width is given by [7, 
where the dc sheath voltage V sh is related to the rf sheath voltage magnitude V sh by
The second term V shMin = 3.26T e is added to ensure a minimum widths min = 2.61λ D in the case the local V sh = 0. The rf sheath voltage magnitude V sh at every point along the plasma-sheath boundary is given by
wheren is the unit vector perpendicular to the plasma-sheath boundary surface. Note that only the capacitive fields E r and E z contribute to the sheath voltages. If we assume a sheath of fixed width s 0 and varying relative dielectric constant
we will be able to mimic an actual vacuum sheath with varying sheath thickness. For example, the sheath voltage V vac in a vacuum sheath with widths and vacuum electric field E vac is V vac = |E vac ·n|s. In a sheath of fixed width s 0 and relative dielectric constant κ s , the electric field would be E = E vac /κ s . This results in a sheath voltage of V sh = |E vac ·n|(s 0 /κ s ) = |E vac ·n|s = V vac . Thus, the fixed-width sheath of varying dielectric constant has the same sheath voltage as the vacuum sheath of varying sheath thickness.
Complex sheath dielectric constant
The sheath capacitive electric fields E r and E z can heat both the ions and electrons. The electrons are heated via stochastic and sheath Ohmic heating while the positive ions are heated as they accelerate across the dc sheath potential drop of 0.83 V s . The stochastic heating flux S stoc and the sheath Ohmic heating flux S ohmSh are given by [7, chapter 11] :
and
Both S stoc and S ohmSh are included in the bulk plasma model as incoming heat fluxes at the plasma-sheath boundary in the electron power balance equation. The ion heating flux S ion is the total positive ion flux multiplied by the dc sheath voltage drop:
where the sum is over all the positive ion species i.
The total power deposition profile p sh in the sheath is then
Analogous to the power density profile p dep for the bulk plasma given in (42), the power density profile for the sheath is given in terms of the capacitive electric fields as
where σ sh is the sheath conductivity which we assume to be real. Using (57) in (58), and solving for σ sh , we obtain
Recall that for any material, the conductivity σ is related to the relative dielectric constant κ by κ = 1 − jσ/(ω 0 ). Thus, the dissipative or imaginary part of κ s is given by
Typically, this dissipative term is small and represents a perturbation to the mostly capacitive vacuum sheath. For the fixed-width sheath of varying dielectric constant, the real part of κ s is again set equal to the ratio s 0 /s. Thus, the complex sheath dielectric constant is
The real part of κ s allows us to take the varying sheath thickness into account while the imaginary part of κ s allows us to take the electron and ion sheath heating into account. Note that since the dissipative or imaginary part of κ s is only due to the capacitive fields, only the capacitive TM equation (18) uses the complex κ s given in (61). The inductive TE equation (6) just uses κ = Re(κ s ) in the sheath region.
TCP reactor simulations
A flow chart depicting the TCP simulation procedure is shown in figure 3 . The simulation steps are as follows:
(1) Load the initial profiles for densities, T e , p and T g (e.g. uniform). Calculate the initial plasma dielectric constant κ p from the initial profiles, and set the initial sheath dielectric constant κ s to unity. (2) Calculate the inductance L and capacitance C matrices by conducting four orthonormal TE and TM simulations. Then, for a given input current I in to the coil set, solve the coil circuit to obtain the four inductive coil voltages (V l ) and the four capacitive coil currents (i c ). Recall that the former give the boundary terms for the TE field solution while the latter give the external excitation terms for the TM field solution. (3) Solve simultaneously for the steady-state gas pressure p, gas temperature T g and gas velocity components v r and v z . If the gas is reactive (e.g. chlorine), solve for the neutral species mass fractions w j . The above cycle is repeated for 15 iterations of 640 rf cycles each for a total of 9600 rf periods (or about 0.71 ms for f = 13.56 MHz). It should be noted that L and C can be recomputed every two iterations rather than every iteration to save simulation time. The total simulation time was about 70 min for chlorine and 30 min for argon when using a moderate workstation with a 2.2 GHz CPU and 4 GB of memory.
TCP power balance
The total power absorbed by the plasma P abs is due to both bulk Ohmic heating and sheath heating. The bulk plasma power P bulk is the volume integral of the bulk power deposition profile p dep over the volume of the bulk plasma V bulk :
are the inductive and capacitive components of P bulk respectively. The sheath heating P sh is the surface integral of the sum of the stochastic heating flux S stoc , sheath Ohmic heating flux S ohmSh and the ion heating flux S ion over the surface area of the sheath A sh :
Since S stoc , S ohmSh and S ion are all due to capacitive fields, P sh is purely capacitive. Thus, the total power absorbed by the plasma is
where P absInd and P absCap are the inductive and capacitive components of P abs , respectively. The total power lost by the plasma P loss is equal to the sum of the power lost to electron-neutral collisions (P coll ), the ambipolar field (P a ) and electron and ion wall losses (P ewall and P iwall ):
From figure 2, the total rf power input to the coil circuit is
I in is the input current to the coil circuit while v 1 (the capacitive voltage of coil 1) is the input voltage of the coil circuit. Note that P rf is also equal to the sum of the powers dissipated by the plasma-loaded inductors and capacitors of the coil circuit:
Power balance implies that
In addition, the inductive power input to the coil circuit must equal the inductive power absorbed by the plasma:
while the capacitive power input to the coil circuit must equal the capacitive power absorbed by the plasma: 
Simulation results for chlorine TCP reactor
The TCP reactor model was used to simulate a chlorine reactor with applied rf frequency f = 13.56 MHz, total flow set to 100 sccm at the inlet surface, and pressure set to 10 mTorr at the outlet surface. The rf input current I in was varied from 15 to 70 A, resulting in an absorbed power P abs of 5.3 to 815 W. Table 1 shows the power balance results of the TCP reactor model for input current I in = 16 A and 67 A. For low values of I in , both P abs and n e are low, and capacitive coupling dominates over inductive coupling while the opposite is true for high values of I in . As required for simulations that are run until steady state, the power absorbed by the plasma is equal to the power lost by the plasma: P abs = P loss . The power absorbed by the plasma P abs and the power supplied by the coil circuit P rf agree to within 3%. We also see similar good agreement between P rfInd and P absInd , and between P rfCap and P absCap . The agreement between P rf and P abs depends on the refinement of the computational mesh. (For example, recall that in order to calculate the L matrix needed to solve the coil circuit, it is necessary to take the line integrals of the H field around the tiny source coils.) The more refined the mesh, the better the agreement at the cost of more memory and simulation time.
The agreement between P rf and P abs is also due to the dissipative (imaginary) term added to the sheath dielectric constant κ s . Recall from the flow chart in figure 3 that the bulk plasma and sheath models calculate κ p and κ s and send the results back to the EM model. The EM model then recalculates the fields based on these updated dielectric constants. The dissipative (imaginary) components of κ p and κ s provide the bulk and sheath heating, respectively, to the plasma. Thus, if we do not add a dissipative term to κ s to account for P sh , the power supplied by the coil circuit P rf will only equal P bulk rather than P abs = P bulk + P sh . We confirmed this by doing other simulations in which we did not add a dissipative term to κ s . Figure 4 shows (a) the electron density n e (diamonds) in units of 10 15 m −3 at the discharge center, and the ratio of inductive to capacitive power absorbed by the plasma P absInd /P absCap (stars) as a function of the rf input current I in (A). As I in increases from 15 to 70 A, the TCP reactor goes from a low density capacitive mode to a high density inductive mode. The E to H transition appears to occur around I in = 19 A.
Simulation results comparing a low power case with P abs = 6.0 W and a high power case with P abs = 763 W are shown in figures 5 and 6. Figure 5 shows the Cl molar fraction x Cl of the discharge for (a) P abs = 6.0 W and (b) P abs = 763 W. For the high power case, most of the chlorine gas is dissociated (x Cl ≈ 0.8 at discharge center) while the opposite is true for the low power case (x Cl ≈ 0.02 at discharge center). Figure 6 shows the gas temperature T g (K) for (a) P abs = 6.0 W and (b) P abs = 763 W. For the high power case, there is significant gas heating with T g varying from about 320 K at the chamber walls to about 800 K at the discharge center. For the low power case, the gas heating is much less significant.
For the high power case of P abs = 763 W, figure 7 shows the (a) inductive and (b) capacitive components of the power density profile (W m −3 ) in the bulk plasma. Comparing figure 7(a) with figure 7(b), we see that at high power, the reactor is in an inductive mode where inductive coupling dominates over capacitive coupling.
The model reactor geometry is similar to that described in Malyshev and Donnelly (2/2000) [3] , having the same dimensions for both the air and plasma chambers. This allowed us to compare the model results with the experimental data of Malyshev and Donnelly [3] [4] [5] . Figure 8 presents the model results (circles) and Malyshev and Donnelly data (triangles) for a 10 mTorr, 100 sccm chlorine TCP reactor. The four plots in the figure show (a) n e (m −3 ) (b) T e (V), (c) Cl density n Cl (m −3 ) and (d) Cl 2 density n Cl 2 (m −3 ) at the discharge center versus P abs (W). The power coupling efficiency of the Malyshev and Donnelly reactor was assumed to be about 75% [10] . In other words, we assumed that P abs /P rf = 0.75 for the Malyshev and Donnelly reactor. This is a good estimate when the reactor is in inductive mode, but in capacitive mode, the actual coupling efficiency may be much smaller. There is good agreement between the model results and Malyshev and Donnelly's data for n e , T e , n Cl and n Cl 2 at the discharge center.
The Malyshev and Donnelly measurements for n e versus P abs show a gap in the region between P abs = 45 and 110 W (see figure 8(a) ). Malyshev and Donnelly saw an abrupt transition from capacitive to inductive coupling which somewhat depended on pressure and matching network tuning [5] . In our simulations, we see a smooth E to H transition with no gaps (see figure 4) . One explanation for the discrepancy is that our external circuit is a simple current source with no matching network. Another is that since we did not know the exact coil configuration of the Malyshev and Donnelly reactor, we used a somewhat different coil configuration, resulting in a lower capacitive coupling.
Note that the model results of T e in figure 8(b) lie between the LP and TRG-OES experimental data. However, although the measurements show T e increasing by about 13% between P abs = 375 to 700 W, the simulation T e is fairly constant. As power goes up, T g rises and n g falls, and we might expect T e to increase in the simulations. However, as power goes up, Cl 2 dissociation also increases, leading to a decline in the Cl − ion to electron density ratio α since Cl − ions are created from dissociative electron attachment of Cl 2 . This change in α could be significant. Referring to chapter 10 of [7] , dropping the recombination term in (10.4.1) and using (10.4.4) for the positive ion flux +s , wheren + = (1 + α)n e0 with n e0 the assumed uniform electron density, one gets the positive ion balance equation to determine T e in an electronegative discharge with small recombination loss: Here K iz is the ionization rate coefficient, V and A are the volume and surface area of the plasma, and d eff is an effective diffusion length in the bulk plasma. Increasing the power increases T g and reduces n g , but also reduces (1 + α). If n g and (1 + α) both go down, then from equation (75), T e may not change much. Equation (75) also explains why the Thorsteinsson and Gudmundsson's global model (see figure 8 in [6] ) shows that T e is fairly constant with pressure (although the measurements show T e decreasing with increasing pressure). As pressure rises, so does n g , and we might expect T e to decrease. However, α and (1 + α) also go up with pressure, keeping T e fairly constant.
Conclusion
Our TCP reactor model couples a bulk plasma fluid model with an analytical sheath model and includes both the inductive and capacitive coupling of the source coils to the plasma. This hybrid fluid-analytical approach allows fast computation of chemically active plasmas with flow as well as predictions of inductive and capacitive plasma sustaining mechanisms. Solving for the capacitive fields and including a sheath model allows us to calculate the sheath voltage and thus the sheath heating of the electrons and ions. For collisionless sheaths, the power absorbed by the ions in the sheath allows us to predict the ion energy impacting surfaces (and, in principle, the ion energy distribution). Treating the stochastic and sheath Ohmic heating as incoming heat fluxes at the plasma-sheath boundary correctly captures the local nature of the sheath heating. A dissipative (imaginary) term is added to the sheath dielectric constant to account for the electron and ion sheath heating, enabling a correct power balance between the power supplied by the coils and the power absorbed by the plasma. Codes can be shared quickly among COMSOL users with the ability to change reactor parameters fairly easily. We conducted chlorine TCP reactor simulations for rf input current I in from 15 to 70 A, resulting in a range of P abs from 5.3 to 815 W. Solving for both the capacitive and inductive fields, allowed us to calculate separately and then compare the capacitive and inductive heating of the plasma. The capacitive fields were also used by the sheath model to calculate the sheath parameters (i.e. sheath voltage and thickness), allowing us to calculate the power absorbed by the ions as well as the sheath heating of the electrons. At high absorbed powers, the inductive coupling dominates over the capacitive coupling, the plasma density is high, the chlorine gas is mostly dissociated, and significant gas heating occurs in the discharge. The chlorine TCP reactor model showed good agreement with Malyshev and Donnelly's experimental data for n e , T e , n Cl and n Cl 2 at the discharge center. The next steps include incorporating matching network/power generator models into the coil/circuit model, developing a multi-frequency sheath model, and adding more reaction sets (currently, Ar/O 2 /Cl 2 ). We also plan to couple a particle code to the hybrid fluid-analytical model to obtain the ion energy and angular distributions at the wafer electrode.
